In June, a discussion meeting was held at the Royal Society in London, UK, entitled 'Catalysis making the world a better place', and this was followed by a 2-day satellite meeting at Chicheley Hall. At the satellite meeting, over 50 scientists met to discuss and debate four key questions that address contemporary issues in catalysis, namely:
-Is catalysis really green? -Can catalysis be designed using theory? -Energy as a key resource: what role can catalysis play? -Renewable resources: what role can catalysis play in their sustainability?
Each topic was led by four discussion leaders and the question was then debated over several hours. This article sets out a synopsis of the key issues raised in these discussions.
Is catalysis really green?
This discussion was predicated on the concepts of green chemistry where one of the key tenants is that one should use a catalyst not a stoichiometric reagent. Hence there is the underlying perception that catalysis is green; but catalysts have to be made and recycled and one has to consider aspects of the reaction specificity and range of by-products as well. It is against this wider background that this discussion took place. Michel Che (UPMC, France) opened the meeting and discussed the components of sustainable development. In order to meet the basic needs of society without compromising the needs of future generations can be considered to be synonymous with green chemistry, because it is essential to prevent the creation of waste instead of its remediation while using renewable materials in safer processes. The topic of catalyst preparation was addressed, especially the need for controlling the individual unit process. Using ubiquitous rather than rare elements could be key to the future of catalysis and it was noted that nature uses a number of minerals as key parts of active sites of enzymes.
Abhaya Datye (University of New Mexico, USA) commenced by asking the question: What is not green about catalysis? He focused on the use of Pt group metals which can be used at low percentage levels in commercial catalysts. However in natural deposits their concentration is much lower (10-1000 ppm) and hence refining the metal involves the creation of large-scale waste. It is clear that we need to be more effective in our use of such elements and he advocated singlesite catalysis as one approach worth exploring. In addition, improvements in catalyst lifetime and recycling are needed. However, in single-atom catalysis the problem was highlighted as to how to stabilize these single atoms for use in industrial catalysts.
Paul Collier (Johnson Matthey, UK) focused on the energy requirements of the 18 highest tonnage chemicals produced worldwide. While the chemical and petrochemical industry accounts for 10% of worldwide energy demand and 7% of global greenhouse gas emissions, the manufacture of the 18 high-tonnage chemicals accounts for 80% of this energy demand and 75% of the greenhouse gas emissions. The question he raised is how can the processes be made more efficient given that they are already mature? The highest energy demand was for ammonia and ethene production, the former being a catalysed process whereas the latter is not. Hence he identified major areas for improvement through improved design, but it is recognized these are tough targets. Water used in chemical processes was also identified as an area for study because the removal of contaminants is crucial to enable reuse of this resource that is becoming scarce in many areas. Additionally, the design of catalysts was considered and, reinforcing the comments of Michel Che, the use of ubiquitous elements was considered a key area for investigation, as is the design of improved support materials.
Ekkehard Schwab (BASF, Germany) continued by emphasizing the need for factual information on what to base research directions on the topic of sustainability. He reminded us that the three pillars that encompass society need to be balanced: these being the Planet-the environmental pillar; the People-the social pillar; and the Prosperity-the economic pillar. The question is what is the right balance for these three pillars? He considered the case of nitrous oxide emission and its decomposition as a key example of how catalysis is enabling the protection of the environment. It was also clear that many researchers are focusing on CO 2 utilization, and data were presented showing that CO 2 is not a free resource as it comes at a price (ca $180/ton carbon). Furthermore, the use of biomass requires reduction equivalents to make non-oxygenated platform chemicals, which could require expensive hydrogen.
As the meeting progressed, a number of discussion topics emerged. For example, ethene uses immense energy in its production but is not a catalysed process; is there an opportunity in the longer term for a catalysed process? Education about the nature of the key problems is important; here life cycle analysis can be important in identifying the areas where improvement is needed as well as aiding the identification of the barriers to progress. In the well-known analysis using E-factors, it is important that water is added as this is now an important environmental factor. It was agreed that decreasing the concentration of metals in catalysts and moving towards singlesite catalysis was a viable target. However, it was concluded that we need to couple reactions more effectively.
Can catalysis be designed using theory?
This discussion took as its starting point the unquestioned value and contribution that computationally based theory and modelling is now making to catalytic science. The use of modelling tools is indeed pervasive and a high proportion of current publications in catalytic and surface science include a contribution from modelling, which is increasingly integrated with experiment. Modelling of the structures-both bulk and surface-of solids and of molecules is now routine. Accurate modelling of active sites is increasingly feasible, as is the modelling of molecular diffusion and docking at active sites. Detailed computational studies of mechanism are increasingly common. But how predictive are current modelling techniques? And how accurate are the numerical values for reaction and activation energies (and free energies)? Can modelling make reliable predictions of the mechanism and kinetics of complex catalytic systems? These and related questions all address the central issue of the extent to which computational design of catalytic processes is now (or in the future) feasible. These topics were addressed by the four discussion leaders and by the stimulating discussion which followed.
Nora de Leeuw (Cardiff University, UK) used recent work on sulfide catalysts [1] to illustrate the close integration between computation and experiment that can now be achieved. In this work, inspired by the known efficacy of enzymes containing FeS clusters to activate CO 2 , iron sulfide catalysts have been shown to effect electrolytic CO 2 reduction to a variety of products, including methanol and pyruvic acid. The computational methods using density functional theory (DFT) went hand in hand with experiment and produced a complete mechanistic account of this novel chemistry and were, moreover, able to link the mechanism to structural features of the surface. The work illustrates both how computation can now provide detailed mechanistic schemes for catalytic process and how it can both illuminate and guide experiment.
Francesc Illas (University of Barcelona, Spain) discussed the increasing ability of simulation to model real, complex systems, which was illustrated with a number of examples from heterogeneous catalysis on metal surfaces and oxide-supported nanoparticles. He also described how micro-kinetic modelling could now in a number of cases predict overall rates of catalytic processes. Illustrations of the success of predictive modelling included the work of Norskov et al. [2] , which using two independent calculated descriptors had predicted that Fe-Ni catalysts would have superior performance compared with pure Ni catalysts in CO hydrogenation to methane. Kinetic Monte Carlo techniques offer considerable promise, but require accurate calculated activation energies. In this context, the limitations of current functionals used in DFT calculations become critical. Local density approximation (LDA) and generalized gradient approximation (GGA) functionals perform well for metals but are inadequate for molecules, while the reverse behaviour is found for the hybrid functionals. Nevertheless, it was argued that, with more efficient codes and increased computational power, increasingly accurate modelling of complex real systems is becoming more possible.
Rutger van Santen (Technical University Eindhoven, The Netherlands) discussed the question of the relationship between activity, selectivity and structure and the problem of making atomistically defined stable structures. The relationship between structure and mechanism is clearly of key importance, as was illustrated by work on Fisher-Tropsch catalysis, where the two widely discussed mechanisms-carbide formation and CO insertion-are shown by modelling to be structure sensitive with the former favoured at step edge sites and the latter at terrace sites, with substantial effects on the product distribution [3] . Sensitivity of the mechanism to surface structure and properties is also evident from work on ethane epoxidation [4] . It is clear that simulation plays a powerful role in elucidating and predicting the structure-mechanism relationship, but also that there is a need to be able to model structural changes during a reaction. An additional major challenge is to include more effectively the role of solvent and to model processes taking place in solution.
Veronique van Speybroeck (Ghent University, The Netherlands) took the theme of complexity, which must be addressed if modelling is to become truly predictive. Several examples taken from catalytic chemistry in microporous materials were discussed. In particular, detailed understanding had been obtained of the methanol-to-olefin process using a combination of simulation tools [5] . The need for chemical accuracy in calculations feeding in to kinetic modelling is clear. Moreover, there is an emerging capability to include dynamics explicitly in the simulations via ab initio dynamical techniques. The power of this approach is amplified when rare events can be modelled using the meta-dynamics approach which has been successfully used in several studies, as discussed in the review of van Speybroeck et al. [6] . Overall, major progress is being made in addressing the theme of complexity but further methodological advances are needed.
Many other issues were addressed, including the need for continuing development of software and the close coupling of software with hardware developments. The need for appropriate databases of computational results was highlighted. The growing importance of gaining a detailed understanding of proton dynamics was clear from many examples considered; developments in dynamical simulation techniques will play a key role here. Simulations are now playing a major role in assisting the understanding and development of catalytic systems and with current and future developments will become increasingly predictive. 'Catalysis by design' remains a major challenge and the technical and computational needs should not be underestimated, but the field has made and continues to make rapid progress.
Energy is a key resource: what role can catalysis play?
The remit of the talks and the basis of the meeting were to discuss where the future lies in the energy landscape and how catalysis can facilitate the reactions and processes which are needed. The balance between the developments required within the fossil fuel sector compared with renewables is critical in this regard, in particular the issues associated with energy storage, CO 2 sequestration and utilization, distributed versus centralized energy conversion and how the location in the world as well as politics may well drive the technology as well as the science and engineering themselves.
Ray Allen (University of Sheffield, UK) initiated the discussion by focusing on the conversion of CO 2 into fuels, and it was quickly pointed out that the scale of the problem was important. This was not just associated with the CO 2 source, for example utilization of flue gas, but also with the impact that this has to make when compared with the oil industry. He developed this further by exploring the need for the technology advances in this area to be the lowest possible risk and the importance that the overall process had to be demonstrated to be sustainable, i.e. not producing more CO 2 at the end than was used within the process. Owing to the scale of the problem and the need to activate the CO 2 with energy, a question was posed as to whether there was sufficient renewable energy available and that the likelihood is that the energy supplied would have to come from the combustion process or the grid. In addition, processes to convert CO 2 need to be self-sufficient in hydrogen, which presupposes that this must come from, for example, water splitting. He showed in detail how this task has a large number of possibilities, for example plasmolytic conversion, use of solid oxide electrolysis cells and use of ionic liquids to capture and activate CO 2 via electrochemical routes. It was emphasized throughout the talk that the need for process design, life cycle and sustainability assessment were a vital part of the technology platform, as was the public perception. Moreover, he discussed that there is a need to get the social science aspects correctly aligned with the science and engineering if processes are to be developed effectively in this field.
Martin Atkins (Queen's University, Belfast, UK) continued the discussion with an emphasis on the production of chemical energy storage vectors. He emphasized the need to develop processes which would allow large energy producers and off-grid developers to store energy from units developing 5-100 MW. A specific example of storing energy from off-peak grid power from gasifiers was mentioned as a particular pertinent challenge in this area. Again a multi-stranded approach was advocated depending on the size and resources available to address the challenge as well as how the oil price can determine the economic viability of processes. In the latter case, for example, the economic production of cellulosic ethanol and shale gas is dependent on the oil price compared with waste matter to energy, which is decoupled from the oil price. Of particular interest was the use of CO 2 to form methanol and, thereafter, to develop technologies for the production of dimethyl ether, dimethyl carbonate and acetic acid from the carbonylation of dimethyl ether. The enhanced integration of renewables with traditional forms of energy to reduce the CO 2 burden was also discussed. In this case, he discussed how biomass combustion in a distributed manner is prevalent in southeast Asia as a practical method for energy generation, but this would not be suitable where well-developed grid networks are found, for example in Europe or the USA. The ultimate distributed energy conversion was described in the form of floating LNG becoming floating chemical plants, for example, for methanol production, due to the gas fields becoming smaller.
Sue Ellis (Johnson Matthey, UK) introduced the topic of energy by means of setting out the importance of each stage of production from harvesting the energy cleanly, conversion of it into the desired forms, being able to store the energy over long periods of time, ease of transportation of the energy vector, the efficient use of the energy and the reduction of any waste/emissions from its utilization or production. She emphasized that the future still lies with fossil fuels as the main driver for the energy users. For example, while renewable energy is projected to rise from 3% in 2013 to 8% by 2035 and fossil fuels is projected to decrease from 86% to 80% over the same period, the latter, in terms of absolute usage, would have increased from 10.95 Mtoe to 13.96 Mtoe per annum according to the latest BP energy outlook. However, the landscape is very heterogeneous and catalysis for renewables or fossil fuel development must be targeted at particular applications. She exemplified this by illustrating the use of catalysts in the automotive industry, not just in emission control but for other applications, including fuel cells, embedded photovoltaics, air scrubbers, self-cleaning surfaces, self-healing surfaces, functional glass, exhaust gas reforming and advanced sensors. As with others in this forum, she also emphasized the need for catalysis in the area of CO 2 utilization as well as the reduction of CO 2 emissions by more efficient processes. Finally, she described the important interplay between water and energy and that the efficient use and purification of water will become increasingly important. Overall, she stressed the important role that catalysis had to play in addressing the energy trilemma, i.e. the need for a sustainable, affordable and secure supply.
Johannes Lercher (Technical University Munich, Germany/Pacific North West National Laboratory, USA) started his talk by re-emphasizing some of the points made by others about the fact that the impact of changing our energy utilization must be in the fuels area and not chemicals. While improvements and developments in the latter are important the overall impact will be small. In addition, he discussed the relative importance of different energy vectors in terms of carbon and energy conversion such as nuclear, photosynthesis to biomass, fossil fuels and hydroelectric. He demonstrated that carbon supply is unlikely to be a problem and that most of the carbon that the Earth has will remain in the ground. This led on to a discussion about the need to change the way that the energy landscape is viewed and that the alternatives to the largescale refineries will need to be decentralized small-scale energy producers at the level of 100 MW, for example a wind farm. Moreover, he discussed the need to convert that energy to an output which is backward compatible such as condensed liquid hydrocarbons. Therefore, there is a need for material to be converted by unconventional means which are currently uneconomic with the source to be converted dependent on the location of the energy source. The material sources described included methane, municipal waste and biomass. For this to be realized small, efficient, low-capital conversion technologies operating at low temperature are required. This means that chemical plants need to be mass produced and there is a need to integrate more effectively thermal and photo/electrocatalytic technologies. It was discussed that the latter introduces a significant degree of complexity which requires a significant input of chemical engineers to solve. Overall, he stated the need for novel, robust 'enzyme-like' catalysts to be developed to enable this decentralized mode of operation to be realized.
Following the four stimulating talks the debate initially focused on the importance of sustainability in terms of not just energy but also materials and the need for a solar-powered grid with which to develop the new technologies in a sustainable way. This was also coupled to a discussion about centralized versus decentralized resources and a need to identify early on which is the most sustainable route to follow for a particular process; for example, transportation of biomass versus the scale which is practical for a decentralized source. There was a significant discussion on CO 2 and whether a carbon tax will drive behaviour and the development of new technology given that a substantial fraction of the CO 2 emission is distributed via vehicles. However, it was felt that carbon taxes would drive the development of low or zero carbon-derived hydrogen. In general, there was consensus that there was a need for great interaction between industry and academia to identify the specific challenges and benchmarks for sustainable energy conversion and utilization. In addition, greater development and integration of thermal and electrocatalysis were highlighted, in particular the need for an increased input from chemical engineering and modelling at this interface.
Renewable resources: what role can catalysis play in their sustainability?
The aim of this discussion was to explore the central role of chemical and biological catalyses in the sustainable utilization of renewable resources. The discussion covered a wide range of chemistries and catalytic technologies for the valorization of biomass. It reflected the growing recognition of three key points: (i) production of fuels alone from biomass was unsustainable and integration of platform and fine chemicals production was necessary to achieve sustainability; (ii) a wide range of chemical and biological catalyst technologies need to be developed and applied in concert to achieve significant substitution of petrochemicals by renewable resources; and (iii) valorization of waste is a key factor in driving current and future development of the biobased economy.
Robert Davis (University of Virginia, USA) highlighted the valorization of biotech-derived fatty acids via heterogeneous catalysis. He began by pointing out that the short-term economic viability of biorenewables was influenced by the (currently low) price of oil and that water scarcity was causing some re-evaluation of the role of biomass in the USA. Making molecules that are cheap enough to burn was not considered an economically viable thing to do. Therefore, production of chemicals was now the economic driver, not production of fuels. To exemplify one strategy employing both biological and chemical catalysis [7] , Davis discussed the utilization of the biological polyketide synthesis pathway to convert sugars into fatty acids and pyrones as platform chemicals via fermentation, followed by catalytic conversion of these platform chemicals into more valuable intermediates [8] . A specific example within this approach was given of the development of Pt/Re-based heterogeneous catalysts for glycerol hydrogenolysis [9] . Davis finished by summarizing some key questions for the sustainable use of biomass: (i) what is the scale of use, (ii) are there adequate land and water resources for this scale, (ii) what is the most effective way to couple chemical and biological catalysis to achieve the process, and (iv) what (if any) economic penalty is society willing to pay for sustainable processes? Jacob Moulijn (Delft University of Technology, The Netherlands) used the chemical conversion of cellulose into isosorbide as an example of a renewable platform chemical. He began by emphasizing the potential availability of biomass for production of chemicals and stressed that the global requirement for platform chemicals (20-30 EJ annum −1 ) was small in the context of the estimated potential production on surplus agricultural land of 1000 EJ annum −1 . He concluded that competition with the food chain could be avoided [10] . Moulijn pointed out that the production of drop-in hydrocarbon fuels (complete removal of oxygen) from highly oxygenated biomass was not economic, based simply on maximum theoretical yields and price of feedstocks and products. However, the use of productive crops (e.g. sugar beet or sugar cane) to supply feedstocks for platform chemical production was feasible. Routes to biomass conversion were discussed and acid-based hydrolysis of biomass was highlighted as a particularly attractive technology for valorization of cellulosic material. To illustrate this, the development of a feasible technology for production of a valuable platform chemical from cellulose was described. Hydrolysis of cellulose in a molten salt in the presence of hydrogen and an Ru/C catalyst generated sorbitol in high yield and in one step. Dehydration to yield isosorbide allowed for facile separation in overall yield of 85% [11] . This process is an efficient route to a new platform chemical whose potential has been demonstrated as a renewable component of epoxy resins but which remains to be fully realized. He concluded by summarizing the key features of a successful process for conversion of biomass into platform chemicals: low-capital cost; full and efficient use of biomass; compact and simple plant; and low transportation costs. Roberto Rinaldi (Imperial College, UK) presented work on the conversion of lignin into platform chemicals. He approached the question from the important perspective of deploying catalysis for the conversion of waste into products. He pointed out that, through the work of Sheldon and others, attention was shifting from technologies for waste remediation towards technologies for waste valorization [12] and that catalysis had a major role to play in this process. The utilization and valorization of lignin remains a significant challenge that was used to exemplify current progress towards a biobased economy. Rinaldi presented work to develop catalytic upstream biorefining whereby lignin can be processed into a sulfur-free, molecular stream. This was achieved using H-transfer reactions catalysed by Raney Ni to produce a mixture of phenolics amenable to a range of downstream processing options via chemical or biological catalysis. Rinaldi summarized his contribution by emphasizing that the integrated production of fuels, chemicals and materials from biomass-derived lignin was achievable via this concept of catalytic upstream biorefining [13] .
Roger Sheldon (Delft University of Technology, The Netherlands) began by emphasizing the link between renewable resources, green chemistry and catalysis. In this context, catalysis is central to valorization of waste [12, 14] . An alternative definition of sustainability was suggested in terms of using resources at rates that do not unacceptably deplete supplies over the long term and do not generate residues at rates higher than can be assimilated by the natural environment. Within this definition, developing a biobased economy was essential in order to balance the petrochemical carbon cycle for which the current rate of consumption is unsustainable due to the use of fossil resources. Previous points concerning the feasibility of producing platform chemicals from biomass were reiterated in terms of the volumes of waste biomass available (e.g. rice husks, sugar cane bagasse, straw, etc.), which are of the same order of magnitude as those of key petrochemicals, such as ethylene and propylene. In discussing lignocellulosic biorefineries, Sheldon highlighted the concept of redox economy. That is, avoiding unnecessary reductions and oxidations in developing sustainable transformations of oxygenated biomass. This is a more general expression of Moulijn's assertion that making hydrocarbon fuels from biomass was unsustainable. Sheldon also emphasized the potential of bioplastics in developing a biobased economy. Plastics are intermediate in volume (and economic value) between fuels and chemicals so their production will play a crucial role in the transition from an oil-based economy. The application of the biorefinery concept was exemplified by focusing on enzymatic routes to the transformation of biomass. Enzymatic catalysis is considered sustainable and green: enzymes are derived from renewable resources; they avoid the use of precious metals; they operate under mild conditions; they catalyse high reaction rates; and they promote highly selective transformations. Furthermore, advances in genome sequencing, directed evolution, recombinant DNA and immobilization make enzymes increasingly more attractive as more diverse, robust and cheaper biocatalysts become available. Sheldon gave the brief example of using immobilized enzymes to transform waste biomass into glucose for fermentation to bioethanol. Glucoamylase was immobilized as a cross-linked enzyme aggregate incorporated into ferromagnetic particles to facilitate large-scale magnetic separation. He summarized his contribution with a quote attributed to A. W. von Hofmann in 1848 [15] : 'In an ideal chemical factory there is, strictly speaking, no waste but only products. The better a real factory makes use of its waste, the closer it gets to its ideal, the bigger the profit. ' Following these four extremely stimulating and varied talks, the final discussion of the meeting proved lively and explored a number of the key topics discussed. It was reiterated that a focus on valorization of (waste) biomass for chemicals and not on biofuels was the target for sustainable utilization of renewable resources. Separation and purification of products remains a key challenge, as does catalyst stability and compatibility, particularly in the context of integration of chemical and biological catalysis to achieve valuable transformations of challenging feedstocks. The concept of waste utilization and valorization was emphasized, particularly in the context of tension between food production and non-food crop use and the value of employing the concept of redox economy to valorization of biomass was agreed.
